Abstract. A layered architecture for the Semantic Web that adheres to software engineering principles and the fundamental aspects of layered architectures will assist in the development of Semantic Web specifications and applications. The most well-known versions of the layered architecture that exist within literature have been proposed by BernersLee. It is possible to indicate inconsistencies and discrepancies in the different versions of the architecture, leading to confusion, as well as conflicting proposals and adoptions by the Semantic Web community. A more recent version of a Semantic Web layered architecture, namely the CFL architecture, was proposed in 2007 by Gerber, van der Merwe and Barnard [23], which adheres to software engineering principles and addresses several of the concerns evident from previous versions of the architecture. In this paper we evaluate this recent architecture, both by scrutinising the shortcomings of previous architectures and evaluating the approach used for the development of the latest architecture. Furthermore, the architecture is applied to usage scenarios to evaluate the usefulness thereof.
Introduction
The establishment of the architecture of any information system is one of the crucial activities during the design and implementation thereof. There is general consensus in literature that an architecture (at least) depicts the structure of a system within a specific context. This depicted structure should portray the components that a system comprises of, as well as the relationships between the identified components. One of the main purposes of a system architecture is the provision of an agreed-upon functional description of system structure, components and component interactions. It is thus plausible to state that an architecture for the Semantic Web is crucial to its eventual realisation and that it is therefore necessary to attach indisputable meaning to the specification of the architecture for the languages of the Semantic Web.
The most well-known versions of the layered architecture that exist within literature have been proposed by Berners-Lee, and the literature offers no description or specification of meaning for any of these. It is possible to indicate inconsistencies and discrepancies in the different versions of this reference architecture, leading to confusion, as well as conflicting proposals and adoptions by the Semantic Web community. In addition, none of the current formal initiatives by the W3C address the Semantic Web architecture specifically, which could be regarded as an omission.
A layered architecture for the Semantic Web that adheres to software engineering principles and the fundamental aspects of layered architectures will assist in the development of Semantic Web specifications and applications. Furthermore, several of the current research and implementation issues associated with the implementation of the Semantic Web could potentially be resolved.
A more recent version of a Semantic Web layered architecture, namely the CFL architecture, was proposed by Gerber, van der Merwe and Barnard [23] . They claim that their abstracted CFL architecture of the Semantic Web adheres to software engineering principles and addresses several of the concerns evident from previous versions of the architecture.
In this paper we evaluate this recent architecture, both by scrutinising the shortcomings of previous architectures and evaluating the approach used for the development of the latest architecture. Furthermore, the architecture is applied to usage scenarios to evaluate the usefulness thereof. A similar approach was used in the construction of one of the most significant layered architectures in popular use today, notably the ISO/OSI reference model for network protocols. We reach the conclusion that the approach indeed has merit in resolving current issues with regards to the architecture of the languages of the Semantic Web. However, the proposed version needs to be refined through consensus by all role players, including the W3C.
This paper starts with a background in section 2 describing the four versions of the Semantic Web layered architecture as proposed by Berners-Lee [6, [9] [10] [11] [12] [13] . This discussion includes an investigation into some inconsistencies prevalent from these architectures. Section 3 contains a discussion of the proposed CFL architecture for the Semantic Web. Section 4 evaluates the CFL architecture by applying it to usage scenarions and section 5 concludes this paper.
Background: The Semantic Web Architecture
Since the publication of the original Semantic Web vision of Berners-Lee, Hendler and Lassila [15] , Berners-Lee proposed four versions of a Semantic Web architecture, for the purposes of this discussion called the reference architecture. All of the reference architecture versions were presented by Berners-Lee in presentations, they were never published in literature or included as part of a W3C Recommendation. The different versions are depicted as V1 to V4 in Figure 1 .
In support of the founding vision of the Semantic Web [15] , a first version (V1) of a layered architecture was introduced in 2000 by Berners-Lee [6] . As participant in the ongoing activities of the W3C, Berners-Lee proposed a second version (V2) of the Semantic Web reference architecture in 2003 as part of a presentation at the SIIA Summit [30] . V2 was furthermore presented as part of two presentations in 2003 [9] [10] [11] . Berners-Lee proposed a third version (V3) at WWW2005 [12] , and in his keynote address at AAAI2006 in July 2006, BernersLee introduced the latest (V4) version of the Semantic Web reference architecture [13] .
In different publications, researchers argued that the the Semantic Web architectures cannot be described as architectures since Semantic Web languages or W3C technologies are depicted. They argue that this is not the nature of an architecture and that the term architecture is generally used to depict system functionality at different conceptual levels. The proposed versions of the Semantic Web architecture does not depict functionality and should be described as a stack or even layered cake [1, 24] .
In order to respond to this argument, a definition for the term system architecture was compiled from an extensive literature analysis. There is general consensus in literature that an architecture at least depicts the structure of a system within a specific context [3, 4, 19, 20] . This structure should portray the components that a system comprise of, as well as the relationships between the identified components. System architects depicting the organisation of system components often make use of several identified architectural patterns, one of which is the layered architecture [2, 4, 17, 28] . In a layered architecture the principal elements or components are arranged in the form of a stack where each layer resides above a lower layer. Generally, a layer represents a grouping of elements that provides related services. A higher layer may use either only various services defined by the immediate lower layer (closed architecture) or services by all of the lower layers (open architecture). However, the lower layers are unaware of higher layers [2, 17, 18, 28] , and are not allowed to access functionality provided by upper layers. This implies a strict ordering of access to the functionality provided by components in a layered architecture in one direction only [3] .
In conclusion of the proposition that the Semantic Web layered architecture versions are regarded as architectures, we provide an example of a similar, widely disseminated architecture, namely the ISO/OSI (International Standards Organisation / Open Systems Interconnect) layered architecture. This architecture specifies the functionality required to define protocols necessary for network interoperability between applications [32] . The Semantic Web layered architecture has purpose similar to that of the the ISO/OSI layered architecture in that it aims to depict the languages necessary for data interoperability between applications. The ISO/OSI model is regarded as an architecture, and thus it is proposed that the Semantic Web model should be regarded in the same way as an architecture for the purpose of this discussion.
If the Semantic Web architectures are regarded as architectures, we have to define the context, components and relations. Within the context of the languages required for meta-data specification, the proposed versions of the reference architecture [6, 9, 12, 13] depict the organisation of the language components for the Semantic Web. The layering of the languages provides the structure. Thus, the general definition of an system architecture is adhered to. The fact that functionality is not always depicted on layers within the current versions should be regarded as an omission. This omission provides one of the motivations for the development of a functional architecture for the Semantic Web. In addition, an investigation into the structure of the reference architecture versions highlighted some discrepancies and irregularities.
Side-by-side layers
In all four versions depicted in Figure 2 URI and Unicode are depicted on the bottom layer as two separate blocks or side-by-side layers (refer to (1) in Figure 2 ). It can be assumed that the intended implication is that the two technologies both reside on the bottom layer. However, this is contentious and inconsistent when referring to the presentation of other layers containing more than one technology such as V1 that depicts the RDF and RDF Schema technologies in one layer (RDF + rdfschema). In V2, XML and Namespaces are also depicted as side-by-side layers, similar to URI and Unicode on the bottom layer. However, to be consistent with the assumptions of layering, the layering of this version should imply that XML only uses URI, whereas Namepaces uses only Unicode as a preceding layer. Based on our knowledge of XML and Namespaces, this is not the case even though it is depicted as such. The same discussion holds for several examples in all versions.
Triangular structure of the layered architecture In all four versions depicted in Figure 2 the layers are staggered into a triangular structure with the lower layers wider than upper layers (refer to (2) in Figure 2 ). It is not clear whether this means that the upper layers use only part of what is provided by lower layers, or whether a lower layer specifies additional functionality that is not used for the purpose of the Semantic Web.
Mixing technologies and functionality descriptions in the naming of layers
It is not clear what the layers in the four versions represent since certain layers are labelled using technologies whilst others are labelled using functionality descriptions (refer to (3) in Figure 2 ). In all versions the bottom layers represent technologies while higher layers are labelled with functionality descriptions.
Vertical layers
All versions of the architecture in Figure 2 depict vertical layers such as Digital Signatures in V1 and Crypto in V4 (refer to (4) in Figure 2 ). The precise meaning of any of these vertical layers is not specified in literature. It is possible to speculate that these layers are included in all the other layers, or that these layers reside alongside the other layers, or even that these layers only depict technologies building on top of their lower layers and excluding the upper layers. Furthermore, it is possible to remove any security related vertical layer in any of the versions of the Semantic Web layered architecture without compromising the integrity of the system as regards to the languages of the Semantic Web.
In summary, the versions of the reference architecture Berners-Lee [6, 9, 12, 13] have not been formally documented and all depict certain inconsistencies and discrepancies. This often leads to confusion, as well as conflicting proposals and adoptions of technology and functionality by the Semantic Web community [25, 26, 29] . It is not unreasonable to propose that the architecture of any system is one of the primary aspects to consider during design and implementation thereof, and the proposed architecture of the Semantic Web is thus crucial to its eventual realisation. It is necessary to attach indisputable meaning to the specification of the architecture for the languages of the Semantic Web. In addition, because there is no precise functionality and interface definition, applications implementing Semantic Web technologies using these architectures will not be able to interoperate. The interoperation of Semantic Web applications is crucial for the eventual realisation of the founder vision.
In is interesting to note at this stage that, as part of the ongoing W3C design initiatives, Berners-Lee argues for the inclusion of certain software engineering design principles into W3C design efforts, and he identifies four principles namely simplicity, modularity, decentralisation and tolerance [7] . Simplicity strives to use only a few basic elements to achieve the required results. Modularity suggests a system design adhering to loose coupling and tight cohesion of system elements. Decentralisation avoids any common point that may be a single point of complete failure and Tolerance specifies liberal requirements and conservative implementations. In spite of these design principles, none of the current formal initiatives by the W3C address the Semantic Web architecture specifically [5, 7, 8, 14, 16, 31] .
An approach to develop a layered architecture from software engineering principles was proposed by Gerber et al. [23] , referred to as the Comprehensive, Functional, Layered (CFL) architecture for the Semantic Web. Comprehensive implies that the architecfture is based on software engineering principles, functional means that the architecture depicts required functionality and layered refers to the architecture structure [23] .
The CFL Architecture for the Semantic Web
The proposed CFL architecture (Figure 3) for the Semantic Web varies from the previously suggested versions (V1-V4) of the architectures mainly because it adheres to the evaluation criteria for layered architectures that are based on established software engineering principles [21] [22] [23] . In addition, it is noticeable that the CFL architecture abstracts and depicts related functionalities rather than the W3C technologies used to instantiate these functionalities. A detailed discussion on the development of the CFL architecture can be found in Gerber et al. [23] .
From Figure 3 a reader may conclude that the proposed CFL architecture depicts only a simplification of the original architecture. The abstraction of the functionality from the original versions of the Semantic Web layered architecture does indeed entail a simplification of the model, but this simplification introduces several advantages such as a mode understandable and universal model that facilitates debate. One of the most significant advantages is that such an abstraction enables the use of diverse and non-related technologies to implement the functionality of a specific layer. In other words, different technologies could be used to instantiate the functionality of a specific layer in the proposed Semantic Web layered architecture.
To determine whether this CFL architecture is indeed usefull for standardisation of Semantic Web technologies, as well as the resolution of the layering debate, the CFL architecture is evaluated using usage scenarios.
Evaluation of Usefulness
The first usage scenario was obtained from literature and the proposed CFL architecture is applied to solve some of the issues with regard to the layering of the Semantic Web in section 4.1. In addition, the current V4 Semantic Web reference architecture [13] is investigated as being an instantiation of the proposed CFL architecture (section 4.2). Lastly, a practical application example was developed using the proposed CFL architecture in section 4.3.
Scenario:
The Two-tower Architecture of Horrocks, Parsia, Patel-Schneider and Hendler [25] Originally, versions V2 and V3 of the reference architecture were discussed by Kifer, Bruijn, Boley and Fensel [27] , who argued strongly in support of multiple independent, but interoperable, stacks of languages. They argued that a single stack architecture as depicted in V2 (Figure 1 ) is unrealistic and unsustainable and they regarded the side-by-side layering of OWL and Rules in V3 ( Figure  1 ) as an implementation of the interoperable stacks of languages concept. They therefore supported the multi-stack architecture as depicted by V3. In particular, they discuss the incorporation of the Datalog rule-based languages as Rules, which could not be layered on top of OWL, as a separate stack alongside the stack of OWL-based languages with their prescribed Description Logics. Horrocks, Parsia, Patel-Schneider and Hendler [25] entered the debate about the positioning of Rules with their Semantic Web Architecture: Stack or Two Towers? article. They further argued that a realistic architecture for the Semantic Web had to be based on multiple independent, but interoperable, stacks of languages. In particular, they pointed out that DLP/Datalog and RDFS/OWL are not semantically compatible and cannot be layered as proposed in the V3 version of the present Semantic Web layered architecture (Figure 1 ). They consequently proposed a two-tower architecture (Figure 4) as the solution for the acceptance of both RDFS/OWL and DLP/Datalog as Semantic Web languages or technologies [25] . [25] This two-tower architecture of Horrocks et al. [25] depicts two possible instantiations of the Semantic Web layered architecture. In order to demonstrate the value of the proposed CFL architecture, the instantiations in the two towers of Horrocks et al. [25] are related to the CFL architecture demonstrating the inclusion of different technologies. The relation of the two towers to the CFL architecture for the Semantic Web is depicted in Figure 5 .
In Tower 1 on the left-hand side in Figure 4 , Horrocks et al. omitted an explicit data representation layer. Datalog was developed as a rule and query language for deductive databases and syntactically Datalog is a subset of Prolog, hence it does not constitute a data representation layer. To improve the composition of Tower 1, a meta-data data model could be added. Thus, the adapted Semantic Web architecture supports more than one technology to be used in this layer. In addition, the Ontology functionality is implemented by DLP (Descrip- Figure 5 .
In contrast to Tower 1, Tower 2 on the right-hand side in Figure 4 implements the meta-data data model functionality by means of RDF. The Ontology layer functionality is implemented using RDF Schema and OWL. In this scenario, the contention is that the FOL/SCL layer provides for Rules and to a limited extent, Logic Framework functionality. This instantiation is depicted in Figure 5 .
Note that the purpose of this scenario is not to resolve the layering debate of the different technologies. In this paper, we evaluate the usefulness of the CFL architecture. The architecture defines functionality that has to be implemented by the different layers, and which allows for the acceptance of diverse technology instantiations that implement the requisite functionality. This is aptly demonstrated in this usage scenario where both the towers are accommodated by the proposed Semantic Web CFL architecture, even though they represent different semantic bases.
Scenario: The V4 Semantic Web Architecture
In this section, the latest version (V4) of the layered architecture as proposed by Berners-Lee [13] is investigated as being an instantiation of the proposed CFL architecture for the Semantic Web. Figure 6 depicts the mapping of the depicted W3C technologies to the functionality layers of the CFL architecture. The mapping irregularities, which is due to the inconsistencies in the V4 architecture as discussed in section 2.
The Unique Identification Mechanism layer maps to Unicode and URI as before. URI essentially uses Unicode and therefore the meaning of the side-by-side layering of Unicode and URI in V4 is unclear. However, it is plausible to state that URI making use of Unicode is an instantiation of the layer 1 unique identification mechanism functionality of the CFL architecture. XML instantiates the Syntax Description Language layer and the meta-data data model is instantiated with RDF. Fig. 6 . The V4 version of the Semantic Web reference architecture [13] as instantiation of the adapted architecture.
The Ontology layer of the CFL architecture is instantiated with either RDF Schema (depicted as RDF-S in V4) or RDF Schema and OWL (RDF-S and OWL). If RDF-S as instantiation is used, RIF is the instantiation of the Rules layer. RIF is an acronym for Rule Interchange Format and it is a draft specification for a rule language using RDF Schema as its ontology basis.
Above RIF, no technologies are depicted in V4 and therefore instantiations cannot be discussed. Unifying Logic maps to Logic Framework, and Proof and Trust remains Proof and Trust. It is unclear what is meant by both Unifying Logic and Proof residing on top of Rules:RIF. It is possible to reason that both reside alongside each other above Rules:RIF or it might mean that the layered architecture is open in this instance so that Proof might access functionality of RIF directly without having to access the Unifying Logic layer. However, in general the technologies from URI and Unicode through to RIF can be regarded as an instantiation of the adapted, functional architecture.
In contrast, if the Ontology layer is instantiated with RDF Schema together with OWL (RDF-S and OWL), a deviation is depicted in the layers because of the omission of a Rules layer above OWL. It is however foreseen that a rule language will be required above an OWL ontology, hence the SWRL initiative of the W3C (RIF builds on RDF Schema only). It is plausible to speculate that this omission will have to be rectified in future. The CFL architecture thus allows for diverse technology specifications for the instantiation of a layer.
It can be argued that the latest version of the Semantic Web reference architecture also presents two towers of possible technology instantiations, and that both can be regarded as instantiations of the CFL architecture.
Application Usage Scenario
In this section the usefulness of the CFL architecture is illustrated by simulating two applications using two different meta-data data models. Fig. 7 . Applications using the first three layers of the proposed Semantic Web CFL architecture.
In this usage scenario, the proposed system is a distributed management application for book publishers using Semantic Web technologies of the bottom three layers as depicted in Figure 7 . The implementation or instantiation of the technology at the layer of communication should be similar. In this scenario, the meta-data data model could be either an entity relationship model, or an RDF diagram. Because the system implements up to and including Layer 3, the layer 3 models have to be implemented using the same technology.
The important aspect is that there is a choice of meta-data data models when the proposed CFL architecture for the Semantic Web is used. In contrast, the original reference architecture would have limited the choice to RDF.
In the scenario data model, a publication, which is of a specific type (a book in this case), has a title ('My life story'), an isbn (0-07-777123-3) and an author. The author is a Person with a fullname (John Smith) and a mailbox (mail:js@abc.com).
The Layer 3 implementation will be a data model using either an ER (entity relationship) diagram or an RDF diagram. A possible ER diagram is depicted on the left in Figure 8 . Similarly, this data can be modelled in an RDF diagram. An RDF diagram modelling the same data is depicted on the right in Figure 8 . Figure 8 therefore depict two possible choices of meta-data data modelling technologies that can be used in this scenario as the proposed CFL architecture does not prescribe the technology. As long as the implementation adheres to the principles of layering and the specified functionality of the layer it implements, any meta-data data modelling technology can be used. Both models use a Layer 2 that is instantiated with XML using various serialisation techniques, and a Layer 1 that decodes to Unicode URIs. The Layer 1 implementation for both systems uses URI to uniquely identify the resources under discussion. In addition, the systems encode the serialised XML using Unicode to ensure that it is uniquely interpreted across the world.
In the usage scenarion in this section an application is implemented using the proposed CFL architecture for the Semantic Web. Developers are able to choose between alternative technologies to implement the different layers of the CFL architecture for the Semantic Web effectively. In this usage scenario, it is demonstrated how two possible meta-data data-modelling technologies can be used to implement Layer 3.
Conclusion
Within this paper the different versions of the Semantic Web reference architecture proposed by Berners-Lee Berners-Lee [6, 9, 12, 13] were discussed. The versions primarily depict technologies adopted by the W3C as standards or W3C Recommendations. This correlates with the mandate of the W3C that includes the development of specifications for the Web. However, when compared to definitions and criteria for architectures from software engineering principles, it is possible to identify several inconsistencies and discrepancies in these proposed versions. This often leads to confusion, as well as conflicting proposals and adoptions of technology and functionality by the Semantic Web community. Furthermore, Semantic Web applications based on technologies using these architectures will not be able to interoperate because there is no precise functionality and interface definition.
The design of the architecture of any system is a crucial activity during its development and it is necessary to attach precise and indisputable meaning to the system components, their functionlity and relationships with the associated interfaces. Similarly, it is necessary to attach indisputable meaning to the architecture for the languages of the Semantic Web.
When an architecture is designed, it is necessary to adhere to software engineering design principles. These principles imply that a system architecture should represent functional system components within a specific context with clearly defined purposes and interfaces. An example of such an architecture is the ISO/OSI layered architecture for network interoperability.
Similarly to the ISO/OSI model description and development approach, Gerber et al. [23] proposed a CFL architecture for the Semantic Wen that aims to present a structure that permits the meta-data languages for the Semantic Web to be viewed as logically composed of a succession of layers, each wrapping the lower layers and isolating them from the higher layers [32] . The CFL architecture depicts a simplification of the original architecture versions proposed by Bernes-Lee as a result of the abstraction of required functionality of language layers. Gerber et al. [23] argues that an abstracted layered architecture for the Semantic Web with well-defined functionalities will assist with the resolution of several of the current Semantic Web research debates such as the layering of language technologies. A functional architecture can accommodate diverse technologies for implementation of the required functionalities of each layer as long as the layer implementation adheres to interface specifications.
It is acknowledged that all issues with regard to the layering of the Semantic Web languages have not been resolved by this approach. However, the establishment of an approach and a first iteration CFL architecture for the Semantic Web is an important and necessary step towards realising the eventual notion of the Semantic Web. The CFL architecture for the Semantic Web should assist in the development of Semantic Web specifications and applications, or even W3C Recommendations, and several of the current research and implementation issues associated with the implementation of the Semantic Web could potentially be resolved. The CFL architecture might even assist the W3C to include all technology developments rather than to make a choice for the adoption of only one standard to the exclusion of other technologies. This position is similar to the position adopted by the network community with the acceptance of the ISO/OSI layered architecture as architectural framework for network interoperability standards.
In order to evaluate the usefulness of the proposed CFL architecture with its associated claims, the architecture was applied to various usage scenarios. In all of the scenarios, the CFL architecture proved to be of value.
It is plausible to speculate that the present versions of the Semantic Web reference architecture were developed to depict the progression pertaining to the development of W3C technologies. The definition of a general, accepted layered architecture with functional components (CFL architecture) could possibly assist the W3C to develop different technology specifications for the implementation of a specific layer functionality. This approach would include, rather than exclude technologies that would have as benefit a more rapid adoption of the Semantic Web vision. In addition, the definition of W3C specifications requires an appropriate level of abstraction to be able to penetrate sufficiently into the implementation domain, and it is the contention of the author that this can be provided by the CFL architecture for the Semantic Web as proposed in this paper.
